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lsevier1. Introduction
Nucleate pool boiling phenomenon has attracted considerable
research and practical attention, due to its ability to transfer
large amounts of heat with relatively small temperature differ-
ences. Conventional and enhanced boiling of liquids have a
wide range of industrial applications that include power gener-
ation, chemical and petrochemical industries, air conditioning,
refrigeration and cryogenics, metallurgical quenching process,
and electronics cooling, desalination of seawater and in nucle-
ar power plants, either for heating or electricity generation.
Over the past 60 years there has been extensive research to
address issues such as bubble growth, bubble dynamics, effects
of heater surface characteristics, ﬂuid-surface interaction, and
Nomenclature
A the heated area of the test tube m2
a, b & d exponent
C concentration wppm
cl liquid speciﬁc heat kJ/kg K
Db bubble diameter m
f bubble frequency s1
g gravitational acceleration m/s2
h heat transfer coefﬁcient of surfactant solution
W/m2 C
hfg latent heat of vaporization kJ/kg
hw heat transfer coefﬁcient of pure distilled water
(W/m2 C)
h* heat transfer coefﬁcient enhancement ratio
I current intensity amp
k thermal conductivity W/m C
N number of active nucleation sites
N(r) distribution function for the radii of stable nuclei
q heat ﬂux W/m2
r bubble radius lm
rc minimum radius of active nucleation sites lm
T ﬂuid temperature C
Tavg the average temperature of the heating surface C
Tsat the pool liquid saturation temperature C
Tw the heating surface temperature C
DT excess temperature = Tavg  Tsat C
V voltage Volt
Greek symbols
b volume expansion coefﬁcient K1
k liquid thermal conductivity W/m2 K
h contact angle degree
g dynamic viscosity kg/m s
q mass density kg/m3
r surface tension of liquid–vapor interface N/m
Subscripts
b bubble at departure from the heated surface
L saturated liquid
nc natural convection
nuc nucleation
max maximum number of active nucleation sites
s saturation condition
st maximum value of (r); which corresponds to the
nucleation starting (N= 1)
surf surfactant
v saturated vapor
w wall condition
Superscripts
* function normalized by its value at the reference
state
196 R.I. Elghanam et al.ﬂuid properties, among others. In recent years, due to impor-
tance that directed towards the energy conservation and eco-
nomic imperatives, much effort have been made to advance
techniques that lead to enhance nucleate boiling heat transfer.
Generally, it is believed that small amount of surfactant can
increase boiling heat transfer. The extent of enhancement has
been found to be dependent on additive concentrations, its
type and chemistry, wall heat ﬂux, and the heater geometry,
as reviewed recently by Wasekar and Manglik [1].
The concentrations are usually low enough that, the addi-
tion of surfactant to water causes no signiﬁcant change in sat-
uration temperature and most other physical properties, except
viscosity and surface tension. Small concentration of surfac-
tant additives can also reduce the solution’s surface tension
considerably, and its level of reduction depends on the amount
and type of surfactant presented in the solution. The activation
of nucleate sites, bubble growth and bubble dynamics inﬂuence
the boiling heat transfer coefﬁcient [2].
Many studies, have reported the importance of decreasing
the surface tension by adding additives to the solution and
its impact on the boiling heat transfer coefﬁcient. Frost and
Kippenhan [3] investigated boiling of water with various con-
centrations of surfactant ‘‘Ultra wet 60L’’. They observed that
the increase of heat transfer being related to the reduction in
the surface tension.
Wu and Yang, with their co-workers [4–6] conducted a
series of systematic investigations on surfactant boiling with
different surfactants and different concentrations. They mainly
concentrated on the effects of surface tension on the heat
transfer coefﬁcient. But neither equilibrium nor dynamicsurface tension alone can explain the experiments, therefore,
no uniﬁed correlations exist between surface tension and heat
transfer coefﬁcient.
Such boiling phenomena have received continuous interest
for a long time. One interesting application of surfactant boil-
ing and evaporation is in dissipating high heat ﬂux from micro-
electronic devices. It was shown by Qiao and Chandra [7] that
by the addition of surfactant to water, the spray cooling coef-
ﬁcient was enhanced up to 300%, and also, the surface temper-
ature required to initiate vapor bubble nucleation was reduced
from 118 to 103 C.
Hetsroni et al. [8] studied experimentally the saturated
nucleate pool boiling of aqueous Habon G solutions on the
surface of electrically heated constantan plate. They have con-
cluded that the heat transfer coefﬁcient can be enhanced by the
addition of Habon G, depending upon its concentration. The
heat transfer increases with increasing the solution concentra-
tion and reaches a maximum value at a certain solution con-
centration, and then decreases with further increasing the
solution concentration. The effect of both the surface tension
and the kinematic viscosity of aqueous Habon G solutions
can explain the features of boiling heat transfer of the solu-
tions. The enhancement of nucleate boiling heat transfer is fol-
lowing to the decrease in surface tension, whereas the decrease
in boiling heat transfer enhancement at higher concentration is
related to the increase in viscous characteristics. It is appears
that there is a critical concentration value of 530 ppm, beyond
which there is reduction in the extent of heat transfer enhance-
ment at high heat ﬂuxes. This concentration value appears to
be around the critical micelle concentration CMC of the
Experimental study of nucleate boiling heat transfer 197surfactant. Similar results were reported by many other
authors [9–25].
2. Test rig description
To achieve the aforementioned requirements, a test rig has
been designed, fabricated and constructed in which nucleate
pool boiling of aqueous surfactant solutions is admitted on
the electrically heated horizontal stainless steel tube. Fig. 1
shows a Schematic diagram of the experimental test rig.
The experimental test rig consists of the following main
components;
2.1. Boiling and condensation vessel
Fig. 2a shows a schematic diagram of the boiling and conden-
sation vessel. It consists of two stainless steel hollow cylinders
of different diameters connected by semi conical shape. The
upper cylinder is used for condensation while the lower is used
for evaporation part. It is provided with two glass windows)
perpendicular to each other. These two glass windows are used
for visual observation of bubble formation at the test tube sur-
face and for photographic recordings of the boiling process.
2.2. Test tubes (boiling surface)
The heated test section, shown in Fig. 2b, consists of a hori-
zontal hollow tube (made from either brass, aluminum alloy
6061 or stainless steel 316L) with outer diameter equals
22 mm; inner diameter equals 15 mm and having a length of
120 mm and a tightly ﬁt cavity for the immersible electric
cartridge heater. The cartridge heater (100 mm long, 220 V,
1 kW) with insulated lead wires is press- ﬁtted with conductiveFigure 1 Line diagram of tgrease to ﬁll any remaining air gaps, and provide good heat
transfer contact. It is centrally located inside a copper tube,
encapsulated by stainless steel casing at both ends and then
tight- ﬁt inside the test tube (either brass, aluminum alloy
6061 or stainless steel 316L) The two ends of the test tube with
the cartridge heater are encapsulated by stainless steel casings
to minimize the radial heat loss. The outer surface of the three
test tubes is treated mechanically by using very ﬁne sand paper
(4000 grit) to have the same surface roughness.
2.3. Condenser cooling water circuit
The use of the cooling water circuit aims to achieve two pur-
poses. The ﬁrst is to release the latent heat of condensation
of the ascending vapor. The second is to maintain constant sat-
uration temperature of the aqueous solution by accurately
adjusting the heat removed by the cooling water passing
through the condenser coil to the heat produced at the test
tube boiling surface. This is accomplished by continuously
control the temperature difference between the bulk tempera-
ture of the test aqueous solution and the inlet cooling water
temperature.
2.4. Measuring instrumentation
The temperature of the test tube boiling surface is measured by
four calibrated copper constantan thermocouples. These ther-
mocouples are embedded through four longitudinal grooves
that are notched underneath the test tube boiling surface with
1 mm deep. These notches are equally distributed along the
test tube circumference. The four thermocouples are embedded
through the four longitudinal grooves so that the distances be-
tween the hot junctions of these thermocouples and the base ofhe experimental test rig.
(1) Condenser coil 
(2) Pressure gauge 
(3) Vacuum port 
(4) Rubber gasket 
(5) Glass window 
(6) Drainage/charging port 
(7) Auxiliary heater 
(8) Glass wool 
(9) Cooling water inlet port  
(10) Cooling water outlet port  
Figure 2a Schematic diagram of the boiling and condensation vessel assembly.
Figure 2b Details of the test tube and location of the thermocouples.
198 R.I. Elghanam et al.the heater test tube are 38, 56, 74, 92 mm, and then ﬁlled with
an instant adhesive epoxy. The wall temperature is taken as the
averaged value of the four thermocouples reading.
The saturation temperature of the test aqueous solution is
monitored by another four calibrated copper constantan ther-
mocouples located at different positions in the vapor space and
in the pool. A data acquisition system (National instruments,
NI USB-6210, 16 input, resolution of 16-bit and scanning rate
of 250 kS/s) interfaced with a computer, receives and scans the
output of all thermocouples. AC voltage regulator (2 kW
capacity) is used to supply the power to the cartridge heater
through its power leads. The applied heat ﬂux to the test tube
is calculated from separate measurements of the voltage dropacross the power leads and current. A digital multimeter is
used for monitoring the voltage drop while the current is mea-
sured by a digital clip-meter.
3. Experimental procedure
Prior to performing the experiments, the test sections are
cleaned routinely before and after each test run with a se-
quence of operations involving washing with alcohol, rinsed
with distilled water several times and dried by a supply of
hot dry air. Then, the system is evacuated to a pressure of
about 15 mm Hg. If no leak is detected over a 24 h interval,
the vessel is charged with one of the investigated working
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of aqueous surfactant solutions) to a level of 120 mm above
the top of the test tube surface. The pool is thoroughly de-
gassed before each boiling test run for a test ﬂuid, to remove
dissolved non-condensable gases by heating it ﬁrst to the sat-
uration temperature corresponding to the atmospheric pres-
sure through the auxiliary heater, and later boiling it at a
heat ﬂux of about 112 kW/m2 for at least half hour while
constantly maintaining it at the saturation temperature, Tsat.
The power supplied to the test tube cartridge heater is grad-
ually and slowly reduced to zero. The test pool is kept close
to the saturation temperature with the auxiliary heater for
about forty minutes; then it is switched off to minimize con-
vective effects.
Boiling test runs are started by boiling pure distilled water
(baseline experiment). After that, distilled water is replaced by
the aqueous surfactant solutions 200, 500, 1000 and 1500 ppm
by weight. The experiments of aqueous surfactant solutions
are conducted under the same conditions of baseline experi-
ment. The changeover from one aqueous surfactant solution
to the other must be precede by a reliable cleaning protocol
for ensuring that there are no remaining remnants of the ear-
lier sample inside the boiling condensation vessel. This is
achieved by three-cycle operation of cleaning/rinsing with dis-
tilled water, acetone, and ethanol, and vacuum drying. Fur-
thermore, baseline experiment is carried out after each
aqueous surfactant solution experiment. Aqueous solutions
of SDS, SLES and Triton X-100 having different concentra-
tions are prepared by dissolving weighed samples in distilled
water. The boiling curve for pure distilled water is ﬁrst estab-
lished. Then the water data provide the baseline reference for
the surfactant solution results.
For each run the boiling experiments are then carried out
by varying the voltage drop in a stepwise manner. For each
voltage drop, the corresponding current is recorded and then
the dissipated wall heat ﬂux is calculated. For each heat ﬂux,
the heater surface average temperature Tavg and the pool tem-
perature, Tsat are recorded and in turn excess temperature DT
(DT= Tavg Tsat) is determined. Constant saturation temper-
ature of the test ﬂuid, Tsat, is maintained by matching the rate
of heat added at the test tube surface to be equal to the rate of
heat rejected at the condenser.4. Data reduction
4.1. Calculation of h and h*
h ¼ q00=T ð1Þ
h ¼ h
hw
ð2Þ
where q00 is the heat ﬂux = I V/A, DT is the excess
temperature = (Tavg  Tsat)
4.2. Calculation of nucleate site density, N/A
There are large numbers of nucleate pool boiling heat transfer
correlation based on different view of mechanism, but so far,
no suitable heat transfer correlations directly related to the
surfactant solution boiling. Nearly all the traditional correla-tions depend mainly on the nucleate site density, N/A, and
superheat Tw  Tsat, which can be concluded as follows.
The total heat ﬂow rate, Q leaving the heated surface in
pool boiling consists of the heat ﬂow rate by natural convec-
tion, Qnc and the heat ﬂow rate produced by the nucleation
process, Qnuc, thus;
Q ¼ Qnc þQnuc ð3Þ
or
q  A ¼ qnc  Anc þ qnuc  Anuc ¼ qncðA AnucÞ þ qnuc  Anuc ð4Þ
where qnc is the heat ﬂux during natural convection, qnuc is heat
ﬂux during nucleation processes, Anc is pertaining area on the
heated surface during natural convection and Anuc is pertaining
area on the heated surface during nucleation processes.
Dividing both sides by the total area, A and the excess tem-
perature, DT of the heated surface and rearranging yields,
hjhnc ¼ ðhnuc  hncÞ  Anuc
A
 
ð5Þ
According to Han and Grifﬁth [33], the area of inﬂuence for
a single active site is pD2b. Where Db is the diameter of the bub-
ble when leaving the heated surface.
Thus, for all the (N) active sites;
Anuc ¼ N  pD2b ð6Þ
From Eqs. (5) and (6)
N
A
 p D2b ¼
ðh hncÞ
ðhnuc  hncÞ
or
N
A
¼ ðh hncÞðhnuc  hncÞp D2b
ð7Þ
Fritz [25] correlated the bubble departure diameter, Db by
the following expression;
Db ¼ 0:0208hðr=gðql  qvÞÞ0:5 ð8Þ
where h is the contact angle measured in degree (45 for dis-
tilled water as stated by Stephan [26], and 75 for Aqueous sur-
factant solutions, and 22 for Triton X-100 as stated by Wu
et al. [27]),
Natural convection heat transfer coefﬁcient hnc is calculated
from Gorenﬂo [28];
hnc ¼ 0:15 g  h  cl  ðpl  klÞ
2
g
 !1=3
 DT1=3 ð9Þ
The transient conduction model stated by Sakr [29] is used
to calculate hnuc;
hnuc ¼ 1:1284ðqlclklÞ0:5  f0:5 ð10Þ
where f is the bubble frequency calculated from McFadden
and Grassmann [30];
f ¼ 0:314gðql  qvÞ
Dbql
 0:5
ð11Þ
From measured value of h and calculated values of Db
(Eq. (8)), hnc (Eq. (9)) and hnuc (Eq. (10)) the value of N/A
(Eq. (7)) can be determined.
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On the other hand, the critical site radius for nucleation,
mainly inﬂuenced by surface tension and superheat [2] as
rc ¼ 2Tsat  r
hfg  q  DT
 
ð12Þ
By this way, N/A and rc are calculated for different DT and
representation of N/A as a function of rc, gives the cumulative
size distribution function N(r) for the different aqueous solu-
tions. It is found that the interpolation lines for the relation
(N/A) with rc can be expressed by the exponential function
with a power term as:
In
N
A
 
¼ In Nmax
A
 
 1 rc
rst
 m 
ð13Þ
where Nmax is the maximum value of N (at rc = 0), rst is the
maximum value of rc which corresponds to the nucleation
beginning (N= 1), and m is an exponent. The values of Nmax,
rst and m are experimentally determined and they depend
mainly on the boiling ﬂuid concentration. Correlations are
made to correlate the size distribution function’s constant
(m, rst and Nmax/A) using obtained heat transfer measurements
for different aqueous solution concentration.
5. Results and discussions
The following results are for stainless steel heating element:
5.1. Heat transfer coefﬁcient, h
Fig. 3 shows the comparative results of the variation of heat
transfer coefﬁcient (h) with excess temperature (DT) using pureFigure 3 Effect of variation of heat transfer coefﬁcient, h with excess t
X-100, (b) SLES and (c) SDS.water, and different concentrations of aqueous surfactants
solutions, Triton X-100, Fig. 3a, SLES, Fig. 3b, and SDS,
Fig. 3c. From these ﬁgures it could be realized that any in-
crease in (DT) causes a corresponding increase in (h). This is
attributed to the agitation effect resulted from the mobility
of the vapor bubbles emitted from the tube wall nucleation
sites, and then travel through the liquid pool. The increase in
(DT) activates greater number of nucleation sites.
Also it should be noticed that for any level of (DT), increas-
ing the concentration of aqueous surfactant solution causes
appreciable increase in (h). An explanation for observed
enhancement in (h) could be given by considering the role of
dynamic surface tension, and subsequent modiﬁcation of bub-
ble dynamics. With the nucleation of a vapor bubble and dur-
ing its subsequent growth, diffusion of surfactant molecules,
and their adsorption/description rates at the interface govern
the extent of dynamic surface tension. The dynamic surface
tension is appreciably lower than solvent’s surface tension,
which helps promote large number of active nucleation sites.
Lower values of dynamic surface tension also allow departure
of smaller-sized bubbles because of the reduction in surface
tension force at the heated tube wall that counters the bouncy
force trying to pull the bubble away from the tube wall. The
bubble growth time will consequently expect to be reduced,
and lead to an increase in bubble departure frequency.
Fig. 3a shows that there is no enhancement in h for any le-
vel of (DT) when using aqueous Triton X-100 solutions with
concentrations more than 500 ppm. This is related to the fact
that the variation of surface tension with concentration for
Triton X-100 is constant above solution concentration of
500 ppm, (see Fig. A.4). Fig. 3 shows also that for all aqueous
surfactant solution SDS, SLES, and Triton X-100 and for a gi-
ven (DT), for any concentration of the aqueous surfactantemperature DT for different values of concentrations for (a) Triton
Figure 4 Effect of variation of heat transfer coefﬁcient, h with excess temperature DT for different solutions for (a) 200 ppm, (b)
500 ppm, (c) 1000 ppm and (d)1500 ppm.
Figure 5 Effect of variation of heat transfer coefﬁcient enhancement ratio, h* with dimensionless excess temperature DT for different
values of concentrations for (a) Triton X-100, (b) SLES and (c) SDS.
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202 R.I. Elghanam et al.solution, h is higher than that of pure water, this is due to the
reduction in the dynamic surface tension associated with the
aqueous surfactant solutions. This surface tension depression
leads to promote the nucleation process, and the concomitant
bubble dynamics. It should be also noted that for equal (DT)
and any aqueous solution concentration, the surfactant SDS
introduces the highest h, following by SLES and then Triton
X-100. This is believed to be due to the higher surface tension
depression caused by SDS in its aqueous solutions which en-
hances the nucleation characteristics to greater extent rather
than SLES and Triton X-100 aqueous solutions, in addition
to the ionic nature of each surfactant, and its chemistry (see
Appendix A). These ﬁndings are in agreement with Wasekar
and Manglik [1].
Fig. 4 shows the comparative results of the variation of heat
transfer coefﬁcient (h) with different aqueous surfactants solu-
tions, Triton X-100, SLES, and SDS using different concentra-
tions 200 ppm, Fig. 4a, 500 ppm, Fig. 4b, 1000 ppm, Fig. 4c
and 1500 ppm Fig. 4d. From these ﬁgures it could be realized
that the boiling heat transfer characteristics of SDS is superior
to that of SLES and Triton X-100 for all investigated aqueous
solution concentrations. This may be due to the fact that dur-
ing nucleate boiling, the surfactant molecules diffuse towards
the growing bubble interface from the adjacent sub layer.
The surfactant concentration in this sub layer would tend to
be very close to the bulk concentration. This concurs with lit-
erature in the sense that the dynamic surface tensions at the
interface directly the bubble dynamics during boiling. Conse-
quently, a lower molecular weight surfactant molecule (SDS)1
2
3
4
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Figure 6 Effect of variation of heat transfer coefﬁcient enhancemen
solutions for (a) 200 ppm, (b) 500 ppm, (c) 1000 ppm and (d)1500 ppmdiffuses faster than its higher molecular weight counterpart
(SLES and Triton X-100).
5.2. Heat transfer coefﬁcient enhancement ratio, h*
To further delineate, the enhancement in the pool boiling heat
transfer coefﬁcient, h* (h* = h/hw), as a result of employing
aqueous surfactant solutions, is shown in Figs. 5 and 6. In
these ﬁgures; h* is represented as a function of dimensionless
excess temperature (DT* = DT/Ts). It can be seen from
Fig. 5 that for a given (DT*) increasing the concentration of
surfactant in its aqueous solution, increases the enhancement
in nucleate boiling heat transfer process represented by h*. This
behavior is observed for the three test surfactants SDS, SLES,
and Triton X-100 by different amounts. With increasing (DT*),
more nucleation sites are activated, and the coalescence be-
tween two neighboring bubbles may occur which partially re-
tard some active cavities for initiating bubbles, thereby
reducing the nucleation site density as well as the bubble fre-
quency. This, in turn is reﬂected on the degree of enhancement.
Fig. 6 shows the variation of h* with aqueous surfactant
types at constant concentrations. A comparison is made be-
tween the results of SDS, SLES and Triton X-100 aqueous
solutions. A closer inspection of the comparative results that
the heat transfer coefﬁcient increases by about 170% for
SDS, 130% for SLES, and 115% for Triton X-100 over that
for pure water at (DT*) equals 0.185 and 200 ppm. The respec-
tive values at (DT*) equals 0.16 and 500 ppm are 200% for
SDS, 160% for SLES, and 140% for Triton X-100. At (DT*)100-
100-
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Figure 7 Variation of critical site radius for nucleation, rc with excess temperature DT for different values of concentrations for (a)
Triton X-100, (b) SLES and (c) SDS.
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Figure 8 Variation of nucleation site density, (N/A) with excess temperature DT for different values of concentrations for (a) Triton X-
100, (b) SLES and (c) SDS.
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a b
c
Figure 9 Variation of size distribution function constants (m, rsat and Nmax/A) with concentration (c) for different surfactant type (a) m,
(b) rsat and (c) Nmax/A.
Figure 10 Validation of the present correlation.
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Experimental study of nucleate boiling heat transfer 205equals 0.13 and 1000 ppm, the respective values are 280% for
SDS, 180 for SLES, and 140% for Triton X-100. Also the
experimental investigations showed that the addition of SDS,
SLES and Triton X-100 surfactants improve the heat transfer
coefﬁcient in percentages ranging from 140% for Triton X-
100, 220% for SLFS and 330% for SDS at (DT*) equals 0.12
and 1500 ppm. The discrepancy in enhancement is attributed
to the greater surface tension depression, and the better wet-
ting characteristics of SDS solutions compared with those of
SLES and Triton X-100.
5.3. Size distribution function and minimum bubble radius
Effect of excess temperature (DT), surfactant type and its con-
centration on the behaviors of the size distribution function
(N/A) and minimum bubble radius rc at constant saturation
temperature and surfants concentration vary from 200 ppm
to 1500 ppm, is shown in Figs. 7 and 8. Fig. 7 shows remark-
able decrease of rc as (DT) increases for all surfactant type and
its concentration in the same trend but with different slopes
and absolute values. From Fig. 8, it could be seen that higher
concentrations for the three surfactants give higher values of
N/A range from 12,700 up to 23,000 for SLES and SDS
respectively up to 70,000 with Triton X-100.
Fig. 9 depicts the effect of surfactant type and concentra-
tion (c) on the size distribution function constants (m, rsat
and Nmax/A). Also the Figure reveals remarkable increase of
N/A with C for the three surfactant, while rst reduces for the
three surfactant. It could be seen also that there is no effectFigure 11 Comparison between the present experimentof C for the three surfactant on m. Fig. 10, depicts the effect
of surfactant type on the relation between rc and N/A. The
Figure shows a sharp decrease of N/A as rc increases for
SDS and SLES, while Triton X-100 gives relatively lower slope
for this decrease.
6. Correlation of the wall heat ﬂux with DT and N/A
The present experimental data conﬁrm that there is a substan-
tial inﬂuence of wall heat ﬂux, (q00), type and concentration of
surfactants on (DT) and the nucleation site density, (N/A).
The relation between q00 on DT and N/A was given by Tien
[31] as:
q00 ¼ d  DTa  ðN=AÞb ð14Þ
Previous published data, such as those of Zuber [32], sup-
port that ‘a’ lies somewhere between 1.0 and 1.8, while ‘b’ is
between 0.3 and 0.5. Based on the present experimental data,
the constants of the Eq. (14), as function of concentrations
of the three aqueous surfactant solutions are given by the fol-
lowing equations:
i. With Triton X-100d ¼ 10241:28ðCÞ  0:638
a ¼ 0:00000008C2 þ 0:000088Cþ 1:256
b ¼ 0:0307ðCÞ0:3115al data with the available published data of Ref. [2].
R.I. Elghanam et al.ii. With SLESd ¼ 0:0002188C2  0:59Cþ 452:21
a ¼ 0:000000046C2  0:000091Cþ 1:28
b ¼ 0:000000083C2 þ 0:0003Cþ 0:16
iii. With SDS
206d ¼ 0:0000161C2 þ 0:0284Cþ 198:28
a ¼ 0:000000155C2 þ 0:00174Cþ 0:911
b ¼ 0:000000078C2  0:0004834Cþ 0:377
Fig. 10 shows a validation of the present correlation by
comparing between obtained data from the correlation and
the experimental ones. From the ﬁgure it could be noticed that
there is a good agreement between the correlation and the
experimental results. This means that the correlation could
be give a good estimate representation for the relation between
wall heat ﬂux, (q), type and concentration of surfactants, (DT)
and the nucleation site density, (N/A).
7. Comparison between the present experimental data with the
available published data
In the present study, three different materials for heating ele-
ment (made from either brass, aluminum alloy 6061 or stain-
less steel 316L) are used. Fig. 11a shows a comparison
between present study results of pure water using cylindrical
heating element made from these three different materials
and the data of Ref. [2] in which aluminum plate heating ele-
ment is used. A signiﬁcant difference was found between heat-
ing surface materials especially for high excess temperature.
Fig. 11b and c reveal a comparison between the present exper-
imental data of aluminum test tube, using aqueous SDS solu-
tions with concentrations 200 ppm and 500 ppm and those of
Ref. [2]. Fig. 11d introduces the same comparison for aqueous
Triton X-100 solution with concentration 500 ppm. Fair agree-
ment is noticed and the discrepancy between the present data
and those of Ref. [2], may be related to the fact that the data
of Ref. [2] is obtained from aluminum plate, so, the conﬁgura-
tion of the test boiling surface is different from the present one
and is related also to surface roughness and experimental
errors.
8. Conclusions
Saturated nucleate pool boiling experiments are performed on
horizontal stainless steel tubes using pure distilled water and
aqueous surfactant solutions having different concentrations
(200, 500, 1000, and 1500 ppm). The three test surfactants
types used in the present study are SDS, SLES and Triton
X-100. The effect of wall heat ﬂux and concentration of aque-
ous surfactant solution on the pool boiling heat transfer coef-
ﬁcient and active nucleate site density are the major studied
parameters. The results lead to the following conclusions:
 For a given aqueous solution concentration, increasing the
excess temperature; increases the nucleate pool boiling heat
transfer coefﬁcient and the active nucleation site density. For a given excess temperature, increasing the concentra-
tion of aqueous SDD/SLES solution; increases both nucle-
ate pool boiling heat transfer coefﬁcient and active
nucleation site density.
 For a given excess temperature; increasing the concentra-
tion of aqueous Triton X-100 solution up to 500 ppm;
increases the nucleate pool boiling heat transfer coefﬁcient
and active nucleate site density. Above 500 ppm insigniﬁ-
cant enhancement is found.
 It is possible to deduce the size distribution function of a
stable vapor bubble in active nucleation sites for pure dis-
tilled water and the test concentration of aqueous surfac-
tant solutions.
 It is found that the form of the size distribution function is
affected by the concentration of the aqueous surfactant
solution and the test tube material.
 The size distribution function’s constants (Nmax/A, rst and
m) deduced from the heat transfer measurements for all
heat transfer measurements for all concentrations of aque-
ous solutions showed a deﬁned trend with the concentra-
tion of the aqueous surfactant solution. It should be
concluded that the exponent (m) is constant with concen-
tration, while the constant (rst) is decreased with
concentration.
 The experimental investigations showed that the addition of
SDS, SLES and Triton X-100 surfactants improve the heat
transfer coefﬁcient in percentages ranging from 132% for
Triton X-100, 194% for SLFS up to 240% for SDS.
 Based on the present results, the wall heat ﬂux, wall super-
heat and active nucleation site density are correlated with
the concentration of aqueous surfactant solutions.
 The present results show reasonable agreement with one of
the available published data.Appendix A
A.1. Effect of surfactants on the physical properties of the
aqueous surfactant solutions
With respect to the boiling phenomena of aqueous surfactant solu-
tions, the effect of surfactants on thephysical properties of aqueous
solutions is crucial to understand the boiling phenomena. Because
of their low concentration, the presence of surfactant in water
causes no signiﬁcant change in the solvent physical properties ex-
cept for surface tension, r. The reduction in the surface tension is
dependent upon several factors such as surfactant bulk concentra-
tion, surfactant type, solution temperature, and interfacial condi-
tions. Fig. A.1 shows the variation of the measured equilibrium
surface tension versus the solution concentration which was mea-
sured byWu et al. [4]. It could be seen that the surface tension de-
creases with increasing the additive concentrations for all the nine
surfactants. In addition, it can also be concluded that the depres-
sion of equilibrium surface tension increases in the order:
nonionic > anionic > cationic.
In addition, the surface tension of the aqueous surfactant
solutions has also been found to be temperature dependent.
Zhang [15] compared the variation of equilibrium surface ten-
sion of various surfactant solutions and water with tempera-
ture. As shown in Fig. A.2, the equilibrium surface tension
decreases with increasing the temperature for all the aqueous
surfactant solutions and water.
Figure A.1 Variation of the equilibrium surface tension versus
concentration [4].
Figure A.2 Variation of the surface tension versus temperature
[15].
Figure A.3 Equilibrium and dynamic surface tension measure-
ments for aqueous surfactant solutions at 23 C [17].
Figure A.4 Equilibrium and dynamic surface tension measure-
ments for aqueous surfactant solutions at 80 C [17].
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measured by Wasekar and Manglik [17], Fig. A.3 gives a
comparison of the equilibrium and dynamic surface tension,
r at 23 C for the four different surfactants. Relative to
anionic in general, nonionic shows higher, r relaxation
and lower CMC values. The CMC for the four surfactants
(obtained from the equilibrium adsorption isotherms as a
value at which the slope of the isotherm changes sharply)
are 200 wppm for Triton X-100, 1000 wppm for
Triton X-305, 1000 wppm for SLES, and 2500 wppm for
SDS.
The effect of increased bulk temperature at (80 C) on
both the dynamic and equilibrium surface tension, r for
the different surfactant solutions is depicted in Fig. A.4.
Comparisons with respective values at room temperature
(23 C) indicate overall reductions in both dynamic and
equilibrium surface tension, r values at higher temperature.
The values of CMC at 80 C for the four surfactants can
be identiﬁed from their equilibrium surface tension r–C iso-
therms as 2500–750 wppm for SDS, 500–2000 wppm for
SLES, 150–250 wppm for Triton X-100, and 400–800 wppm
for Triton X-305.
Appendix B
B.1. Experimental error analysis
The accuracy of the results obtained from experimental mea-
surements is governed by the accuracy of the individual mea-
suring devices. The accuracy of an instrument is limited by
its sensitivity. The minimum division of instrument expresses
the minimum accurate readable value.
Accumulation of the errors involved in calculating any
parameter will cause the deviation of the ﬁnal results from
the actual ones. Evaluation of such errors and their sources
will be discussed below.
208 R.I. Elghanam et al.B.2. Error involved in determining the heat transfer coefﬁcient
The heat transfer coefﬁcient is calculated from the following
formula:
h ¼ q
DTw
¼ I  Vcos h
A  DTw W=m
2 C ðB:1Þ
From the theory of errors, the maximum relative error in
calculating the heat transfer coefﬁcient can be obtained from
the following expression:
jdhjm ¼ jdIjm þ jdVjm þ jdAjm þ jdðDTwÞjm ðB:2Þ
by using the experimental data, the maximum relative error
|dh|m can be calculated as shown below.
B.3. Error in measuring the current (I)
The electric current ﬂowing through the heating wire is mea-
sured by a 3.5 digit clip-meter. The minimum accurate read-
able value is 0.1 A, hence
jdIjm ¼
0:1 100
1:8
¼ 5:5555% ðB:3ÞB.4. Error in measuring the voltage taken from the power supply
(variac)
A 3.5 – digit clip-meter, measure the voltage taken from the
power supply to the heater element. The minimum accurate
readable value is 0.1 volt, hence
jdVjm ¼ 0:1 100
98
¼ 0:10204% ðB:4ÞB.5. Error in measuring the area of the heating surface
A micrometer measures the heating surface diameter and its
value to be 22 mm. The minimum accurate readable value
of the micrometer is 0.01 mm. The vernier measures the
heating surface length and its value to be 90 mm and the
minimum accurate readable value of the vernier is
0.1 mm, hence
jdAjm ¼
0:01 100
22
þ 0:1 100
90
¼ 0:15656% ðB:5ÞB.6. Error in determining the temperature difference
The temperature difference is measured by pre-calibrated cop-
per-constantan thermocouples. The data acquisition system re-
ceives the output signals of these thermocouples. The
minimum accurate readable value is 0.1 C,
jdðDTwÞjm ¼
0:1 100
5:86
¼ 1:7065% ðB:6Þ
Substitute (B.3)–(B.6) in (B.6), then
jdhjm ¼ jdIjm þ jdVjm þ jdAjm þ jdðDTwÞjm
¼ 5:5555þ 0:10204þ 0:1565þ 1:7065 ¼ 7:5206%It is clear that the value of the maximum relative error of
the heat transfer coefﬁcient is different at each point and it is
also different at the same point at each test run, and therefore
an average value for the error is calculated.References
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